Purpose Current anatomical classifications do not include all variants relevant for radioembolization (RE). The purpose of this study was to assess the individual hepatic arterial configuration and segmental vascularization pattern and to develop an individualized RE treatment strategy based on an extended classification. Methods The hepatic vascular anatomy was assessed on MDCT and DSA in patients who received a workup for RE between February 2009 and November 2012. Reconstructed MDCT studies were assessed to determine the hepatic arterial configuration (origin of every hepatic arterial branch, branching pattern and anatomical course) and the hepatic segmental vascularization territory of all branches. Aberrant hepatic arteries were defined as hepatic arterial branches that did not originate from the celiac axis/CHA/PHA. Early branching patterns were defined as hepatic arterial branches originating from the celiac axis/CHA. Results The hepatic arterial configuration and segmental vascularization pattern could be assessed in 110 of 133 patients. In 59 patients (54 %), no aberrant hepatic arteries or early branching was observed. Fourteen patients without aberrant hepatic arteries (13 %) had an early branching pattern. In the 37 patients (34 %) with aberrant hepatic arteries, five also had an early branching pattern. Sixteen different hepatic arterial segmental vascularization patterns were identified and described, differing by the presence of aberrant hepatic arteries, their respective vascular territory, and origin of the artery vascularizing segment four. Conclusions The hepatic arterial configuration and segmental vascularization pattern show marked individual variability beyond well-known classifications of anatomical variants. We developed an individualized RE treatment strategy based on an extended anatomical classification.
Introduction
The extensive research of the past has provided insight in the large individual variability in the origin of the hepatic arteries [1] [2] [3] [4] [5] [6] . However, current classifications of variant hepatic arterial anatomy do not include all variants relevant for hepatic radioembolization (RE), such as early branching patterns, a variable origin of the artery vascularizing segment 4 (S4), and the vascular territory of aberrant hepatic arteries. Correct identification of these variants may have a significant impact on treatment strategy, including coil embolization of aberrant arteries, planning the number of injection positions, and pretreatment activity calculation.
Both the origin and the vascular territory of the hepatic arteries differ notably in the embryological from the adult liver. In the early stages of hepatic formation, an embryological left hepatic artery (eLHA) originates from the left gastric artery (LGA) and supplies S2, whilst an eRHA originates from the superior mesenteric artery (SMA) and vascularizes segments 6-7. The eMHA originates from the celiac axis and vascularizes the remaining S3, 4, 5, 8 of the liver [7, 8] . Eventually, the eLHA and eRHA regress and the eMHA persists, resulting in a normal hepatic arterial configuration of the adult liver, in which the celiac axis gives rise to a left (LHA) and right hepatic artery (RHA). When the eLHA or eRHA fails to regress, one or more aberrant hepatic arteries persists.
Aberrant hepatic arteries, defined as hepatic arterial branches that do not originate from the celiac axis, common (CHA) or proper hepatic artery (PHA), are common (reported prevalence 21-45 %) [1] [2] [3] [4] [5] . Frequently encountered variants are aberrant LHAs originating from the LGA and aberrant RHA's originating from the SMA. According to the early work of Michels, aberrant hepatic arteries can be further divided into accessory and replaced hepatic arteries, both with a unique territory of blood-supply within the liver [1] . A replaced hepatic artery is a full substitute for the LHA or RHA originating from the celiac axis. An accessory hepatic artery, on the other hand, complements its normally derived counterpart, and only supplies a part of the right or left hemi-liver [1, 9] .
To the best of our knowledge, the relationship between the individual arterial branches and their corresponding arterial segmental territories has not been described for patients with aberrant hepatic arteries. Therefore, the vascular territory of accessory hepatic arteries remains unknown. The combination of aberrant hepatic arteries and a variable origin of the artery vascularizing S4 can result in highly variable individual patterns of segmental hepatic arterial vascularization that may require different treatment strategies [10] . Technological advances enable an accurate pretreatment assessment of the hepatic arterial anatomy on multidetector computed tomography (MDCT). Consequently, a treatment strategy, tailored to the patient's individual anatomy, can be determined before the pretreatment angiography.
The purpose of this study was to assess the individual hepatic arterial configuration (presence of aberrant hepatic arteries and order of arterial branching) and the arterial segmental vascularization pattern on triphasic MDCT and digital subtraction angiography (DSA) in patients receiving a workup for RE. Furthermore, we developed an individualized RE treatment strategy based on an extended classification of variant hepatic arterial anatomy.
Patients and Methods

Patients
All patients who were evaluated for RE between February 2009 and November 2012 in our institute were included in this study. These patients were all diagnosed with primary or metastatic liver cancer and received a triphasic liver MDCT and standard pretreatment angiography specifically to assess the eligibility for RE. During the angiography, DSA of the hepatic arteries was obtained (Allura Xper FD 20, Philips Medical Systems, Best, The Netherlands) and technetium99m-labelled macro-albumin aggregates ( 99m Tc-MAA, TechneScan LyoMaa, Mallinckrodt Medical, Petten, The Netherlands) were administered to assess the eligibility for RE. Exclusion criteria for this study were: prior extensive liver surgery, nonassessable anatomy of the hepatic vasculature due to severe cirrhotic liver disease or massive tumor involvement. These data also were used in another study [11] . Our institutional ethics committee waived the need for informed consent for this retrospective study.
Imaging Protocol
A 16-, 64-, or 256-detector row CT scanner (MX 8000; Brilliance 64; Brilliance iCT; Philips Medical Systems, Eindhoven, The Netherlands) was used to obtain triphasic MDCT images. Alternatively, in some patients the triphasic liver CT scan was acquired on an integrated positron emission tomography-computed tomography system (Biograph TM mCT, Siemens Healthcare, Erlangen, Germany). After injection of intravenous contrast, hepatic arterial, venous and equilibrium phase images were obtained with a post-threshold (aorta, [100 HU) delay of 20, 55, and 300 s respectively. All patients received 1 l of oral diluted water-soluble contrast agent (Telebrix Gastro, 300 mgl/ml). Depending on body weight, 150 or 200 ml of contrast (Iopromide 300 mgl/ml; Ultravist, Bayern Schering Pharma AG, Berlin, Germany) was injected in an anticubital vein, at a rate of 5 ml/s.
Image Interpretation
CT images were analyzed on a workstation (Intellispace Portal; Philips Medical Systems). First, the portal phase was reviewed to determine the schematic liver segmentation, based on Couinaud's classification of segmental liver anatomy. To this purpose, the left, middle, and right hepatic veins were used to indicate the vertical scissurae, and a horizontal plane through the right portal trunk was assumed to indicate the transverse scissura.
Subsequently, axial and coronal maximum intensity projections of the arterial phase were reviewed to determine the origin of all hepatic arterial branches and follow their course up to their segmental territory of the liver. We named this the hepatic arterial segmental vascularization pattern ( Table 1) .
The artery vascularizing S4 was named a middle hepatic artery (MHA) when originating from the CHA/PHA as a hilar artery, and a S4 artery (A4) when originating as an intrahepatic branch from the LHA and/or RHA [12] . Aberrant hepatic arteries were defined as hepatic arterial branches that did not originate from the celiac axis directly, or indirectly through the CHA or PHA [1] . Aberrant hepatic arteries were further classified into accessory and replaced hepatic arteries. We also assessed the branching pattern of the CHA. The CHA was defined as the hepatic arterial branch between the celiac axis and the gastroduodenal artery (GDA). Early branching patterns were defined as a trifurcation of the CHA (i.e., absence of PHA), early branching of the LHA and/or RHA from the CHA (proximal to the origin of the GDA), or LHA and/or RHA originating directly from the celiac axis. The combination of the origin of the hepatic arteries and the branching pattern of the CHA was termed the hepatic arterial configuration. In the absence of aberrant hepatic arteries and early branching patterns, patients were classified as having a standard hepatic arterial configuration.
After review of the MDCT images, DSA-images of the hepatic arterial vasculature in the frontal plane were reviewed to confirm the order of arterial branching. All imaging was assessed by two readers (AvdH and MSvL) in consensus.
Statistics
Descriptive statistics were performed with the use of SPSS software version 20 for windows (IBM SPSS Statistics, Chicago, IL). Percentages were rounded to the nearest whole number.
Results
Patients
Of 133 patients who received a workup for RE with MDCT and DSA, 19 (14 %) were excluded for the following reasons: previous extensive liver surgery (n = 12), severe liver cirrhosis distorting the liver anatomy (n = 4), or large tumor mass distorting the liver anatomy (n = 3). The hepatic arterial configuration and arterial segmental vascularization of the remaining patients were assessed (Fig. 1 ). However, in four patients (4 %), the arterial segmental vascularization could not be assessed reliably on MDCT, due to the very small caliber of the arterial branches. Consequently, we present the results of the hepatic arterial configuration and arterial segmental vascularization of the remaining 110 patients.
Hepatic Arterial Configuration and Segmental Vascularization Pattern
Fifty-nine (54 %) patients had a standard hepatic arterial configuration, without aberrant arteries and/or early branching, i.e., standard hepatic arterial anatomy. Fourteen patients (13 %) had normally derived hepatic arteries, but one or more arteries with an early branching pattern (Table 2) .
In 37 patients (34 %), a variant origin of at least one hepatic artery was present (Table 3 ). All aberrant LHAs originating from the LGA coursed upward in the cranial part of the lesser omentum and entered the hilar plate through the fissure for the ligamentum venosum, before Hepatic arterial branch vascularizing S4, and originating directly from the CHA or PHA
The definitions for the anatomical terminology used in this manuscript are summarized in this table. The definitions for aberrant hepatic arteries, replaced, and accessory hepatic arteries are in accordance with the work by Michels [1] . The distinction between A4 and MHA is based on the definition used by Wang et al. [12] . The definitions for hepatic arterial configuration, arterial segmental vascularization pattern, early branching pattern, and specification of segments that can be vascularized by replaced and accessory left hepatic arteries were created as part of the extended anatomical classification of variant hepatic arterial anatomy described in this manuscript Table 4 and schematically illustrated in Figs. 2, 3 , 4, 5 and 6. An example of DSA and multiplanar MDCT images of the hepatic arterial segmental vascularization pattern is shown in Fig. 7 for a patient with an rRHA originating from the SMA.
Discussion
In this study, we assessed the origin, branching pattern, course, and segmental vascularization pattern of the hepatic arteries on triphasic liver MDCT and DSA in 110 patients receiving a workup for RE. The prevalence and configurations of aberrant hepatic arteries (Table 3) and early branching patterns (Table 2) were comparable to those previously published [1] [2] [3] [4] [5] [6] . Sixteen different hepatic arterial segmental vascularization patterns were identified, differing by the presence of accessory or replaced hepatic arteries, their respective vascular territory, and the origin of artery vascularizing S4. This marked variability reflects the complex nature of the arterial liver vascularization, justifying a detailed pre-procedural assessment of the individual hepatic arterial configuration and segmental vascularization pattern prior to RE.
The extensive research conducted in the past five decades has greatly enhanced our knowledge of variant hepatic arterial anatomy [1] [2] [3] [4] [5] [6] 13] . In 1966, Michels introduced an internationally recognized classification of hepatic arterial variations, in which he described ten types of arterial configuration, based on his observations in 200 autopsy dissections [1] . Later, Hiatt et al. introduced a reduced classification with six types, based on a review of operative RHA [7] aRHA [5, 6, 8] rLHA The segmental arterial vascularization patterns are summarized in this table. The main arterial branches are followed by their segmental territory of vascularization between brackets LHA left hepatic artery, RHA right hepatic artery, MHA middle hepatic artery, aRHA/aLHA accessory RHA/LHA, rRHA/LHA replaced RHA/ LHA a In one patient the rRHA originated from the aorta instead of the SMA reports of 1,000 patients who underwent liver harvesting for orthotopic transplantation. In this adaptation, the distinction between replaced and accessory hepatic arteries was abandoned [2] . Subsequent studies on this subject described the prevalence of aberrant hepatic arteries in a large number of patients, based on surgical dissection [5] , angiography [3, 4, 6] and later also CT angiography [14] [15] [16] [17] , and extended Michels' and Hiatt's classifications with early branching patterns and rare variants. However, none of these studies included the origin of the artery vascularizing S4 and the vascular territory of aberrant hepatic arteries in their overview of variant hepatic arterial anatomy. This may be attributable to the fact that only CT imaging can provide a complete overview on the origin, branching pattern, and segmental vascularization of the hepatic arterial branches. Our study, therefore, is the first to provide a comprehensive overview of the hepatic arterial segmental vascularization patterns in patients with and without aberrant hepatic arteries.
In the 73 patients without aberrant hepatic arteries, we identified three vascularization patterns, differing by the origin of the artery vascularizing S4 (Fig. 2) . Studies that previously investigated the origin of this arterial branch, often used different definitions, and terms, such as A4 and MHA were interchangeably used [8, 12, 18] . From an anatomical point of view, the term MHA refers to a hilar artery that originates from the CHA or PHA, between the origins of the LHA and RHA, whereas A4 also can refer to a small intrahepatic branch that originates from the distal LHA or RHA [12] . Previous studies showed contradictory results, which may be attributable to these differences in definition. Two recent studies indicated that the artery vascularizing S4 predominantly originated from the RHA and less frequently from the LHA, from both hepatic arteries or directly from the PHA in a trifurcation [8, 12] . Our results are more in agreement with earlier studies [1, 9, 18] , suggesting that the artery vascularizing S4 predominantly originates from the LHA and less frequently from the RHA, both hepatic arteries or the PHA.
We identified various arterial segmental vascularization patterns in patients with aberrant hepatic arteries. Major differences were observed in the origin of the artery vascularizing S4 and the liver territory vascularized by the aberrant hepatic arteries. Wang et al. [12] suggested that in patients with a rLHA or rRHA, a MHA consistently arises from the CHA. Although this was true for the majority of 
Aberrant left hepatic arteries
A n = 7 (6%) B n = 2 (2%) C n = 1 (1%) patients with a rLHA or rRHA in our study, we also found A4s originating from replaced hepatic arteries. One patient even had a double vascularization of S4, with one A4 originating from the rRHA and the other A4 originating from the LHA (Fig. 4C) . Moreover, in patients with a combination of a rLHA and rRHA, S4 was vascularized by a MHA originating from the CHA in two patients (Fig. 5A ) and by an A4 originating from the rLHA in one patient (Fig. 5B) . Three hitherto unreported arterial vascularization patterns were identified in patients with aRHAs (Figs. 4D, 5C , and 5E). This emphasizes the importance of characterizing an aberrant hepatic artery as being accessory or replaced, defined by the extent of its territory of blood supply and coexistence of a normally derived LHA and RHA [1] . Due to the variable vascularization of S4, we believe that the distinction between an accessory and replaced LHA should not depend on the origin of the artery vascularizing S4. Hence, an aLHA vascularizes S2 only, and an rLHA may vascularize S2-3 or S2-4. Early anatomical studies that investigated the spatial relation between the portal venous and hepatic venous vasculature in corrosion casts of the liver have founded the concept of functional liver anatomy [9, [19] [20] [21] [22] [23] . These studies revealed that the liver consists of a functional independent left and right hemiliver, divided by the main portal scissura. Later, Couinaud's concept of eight haemodynamically distinct liver segments, each with their own arterial and portal blood supply and biliary drainage, was adopted [7, 24] . Since the general acceptance of Couinaud's segmental anatomy model, the arterial segmental vascularization pattern has not received much scientific attention. This might be attributable to the recognition that the hepatic arterial branches are intimately related to the corresponding portal venous and biliary duct branches within the liver tissue and, therefore, display a similar course. However, this does not signify that the segmental vascularization pattern of the main hepatic arterial branches is equal to that of the major portal trunks that irrigate the, portal-venous defined, left and right hemiliver.
The treatment principle of intra-arterial RE is based on selective targeting of tumor invested liver tissue [25] . In current clinical practice, the calculated treatment activity of resin yttrium-90 microspheres (SIR-spheres Ò , SIRTeX, Lane Cove, Australia) is based on the assumption that the LHA and RHA vascularize the entire left and right hemiliver respectively. Our findings suggest that this assumption is often not in agreement with anatomic reality, and that, in the presence of aberrant hepatic arteries, this method may lead to Aberrant right hepatic arteries erroneous results. Therefore, we advocate the utilization of personalized dosimetry for RE, based on the individual hepatic arterial vascularization pattern [26] .
Following limitations of this study should be discussed. First, it was not our purpose to evaluate separately the diagnostic accuracy of MDCT and DSA in detecting aberrant hepatic arteries and early branching patterns. Instead, we used a combined approach of MDCT and DSA. DSA proved to be especially useful to determine the order of hepatic arterial branching in the area of the GDA, and to rule out the presence of a PHA when a trifurcation of the CHA was suspected on MDCT. Second, we could not assess the segmental arterial vascularization pattern in 4 of 114 patients (4 %), due to the small size of the hepatic arterial branches. Third, we deemed it unreliable to assess the origin of the arteries vascularizing S1. In the absence of tumor-induced hypertrophy, the small caliber of multiple feeders to S1 are beyond the resolution of current MDCT scanners. Fourth, we used Couinaud's model of segmental liver anatomy to describe the segmental arterial vascularization pattern. This model is a comprehensive topographical concept of functional liver anatomy that is easily interpretable and can be applied in most patients. However, an increasing body of evidence suggests that this concept may be an oversimplification [27] [28] [29] [30] [31] . Anatomical and radiological investigations have confirmed that the segmental boundaries, as indicated by the hepatic veins and the level of the right portal trunk, do Aberrant left and right hepatic arteries not consistently coincide with the exact location of the true portal scissurae in individual patients [28, 29, 31] . As a consequence, the true target volume of arterial branches can slightly differ from Couinaud's liver segments, which may have important implications for pretreatment dosimetry and the identification of tumor-feeding arteries.
During the pretreatment angiography, C-arm cone beam computed tomography, a relatively new imaging modality integrated in modern angio-suites, may be used to delineate the exact territory of arterial perfusion through contrast-enhancement of the perfused liver parenchyma [32] .
Recommendations for an Individualized RE Treatment Strategy
There is no consensus about how to deal with early branching patterns and aberrant hepatic arteries during RE. The ideal treatment strategy encompasses a safe, simple, and complete administration, with a low risk of nontarget embolization, few sites of selective administration, and adequate coverage of the target volume.
We developed an extended classification of variant hepatic arterial anatomy that can be used to characterize clinically relevant anatomical variants on MDCT before the pretreatment angiography and guide treatment planning. This MDCT-based assessment may reduce the procedural time, contrast, and radiation burden of the pretreatment angiography by superseding extensive mapping of the hepatic arterial anatomy with DSA. Furthermore, it may help to standardize treatment strategies in patients with complex anatomy and facilitate interdisciplinary communication with other physicians. We propose an individualized RE treatment strategy, based on the patients' type of variant anatomy (Table 5) .
Various treatment strategies are feasible with regard to aberrant arteries. One strategy is to use aberrant hepatic arteries as a target vessel for selective administration with a standard endhole microcatheter. For the administration in branches at high risk for nontarget embolization, such as aberrant hepatic arteries originating from the LGA, an antireflux catheter, such as the Surefire Infusion System Ò (Surefire Medical Inc., Westminster, CO), may be used [33] . Another strategy is to coil embolize aberrant hepatic arteries to induce a redistribution of blood flow through small intrahepatic collateral pathways and administer microspheres in the hepatic artery that took over the coiled artery's vascular territory, resulting in a simplified and safe administration [34, 35] .
In the absence of a direct comparison with regard to safety and treatment efficacy, neither of the strategies can be regarded as superior. After carefully weighing the risks and benefits for the different treatment strategies, we recommend coil embolization for aberrant hepatic arteries at increased risk for nontarget embolization that do not supply an entire hemiliver, such as an aLHA (vascularizing S2) or rLHA (vascularizing S2-3) originating from the LGA, and an accessory hepatic artery originating from the GDA (rare). Coil embolization also may be favorable for an aRHA originating from the SMA in patients who in addition have an aberrant left hepatic artery originating from the LGA. This can reduce significantly the complexity of the administration by limiting the number of selective administration sites. Other variants, such as rRHAs originating from the SMA, do not increase the risk for nontarget embolization and supply a large territory of the liver that may not be sufficiently vascularized by small intrahepatic collaterals to allow for complete passage of all infused resin microspheres [34] . They therefore are recommended to be used as target vessel. Replaced left hepatic arteries vascularizing S2-4 increase the risk for nontarget embolization but do supply a rather large part of the liver. An antireflux catheter may be used for selective administration in these variants. The latter strategy also can be applied in patients with a trifurcation or quadrifurcation of the CHA, because it has been demonstrated that this is a risk factor for the development of gastric ulceration due to nontarget embolization during RE [36] .
It is important to note that the recommended treatment strategies reflect our opinion, outlining the need for individualized RE strategies, and may need further tailoring towards the individual patient's case when used in clinical practice, to adjust for variants that could not be included in the extended anatomical classification, such as variants in the origin of extrahepatic branches or the presence of parasitized extrahepatic arteries.
Conclusions
The hepatic arterial configuration and segmental vascularization pattern show marked individual variability beyond well-known classifications of anatomical variants, relevant to RE. Therefore, it is recommended to assess the individual hepatic arterial configuration and segmental vascularization on MDCT, before the pretreatment angiography. We developed an individualized RE treatment strategy based on an extended classification of variant hepatic arterial anatomy. 
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